The striking variation among bird species in their plumage patterns remains largely unexplained. Why do closely related species often differ conspicuously in plumage patterns? And conversely, why do quite similar plumage patterns repeatedly evolve, even among quite distantly related species [1] ? While we are far from knowing the answers, the identification and sequencing of a gene affecting plumage pattern variation in a natural population, reported recently in Current Biology by Theron et al. [2] , marks the beginning of a whole new research program. For the first time, the history and developmental basis of a colour pattern can be integrated with field studies of its adaptive significance.
A major class of pigment in birds, as well as other animals, is melanin. In both birds and mammals, melanins are synthesized in specialized cells, termed melanocytes. Black and brown colors are due to eumelanins [3] , which are produced in response to melanocyte stimulating hormone (MSH), which is secreted by the pituitary [4] . In mice, the receptor for MSH, the melanocortin-1 receptor, is a G protein-coupled transmembrane protein produced in melanocytes. Binding of MSH activates the melanocortin-1 receptor, resulting in increased activity of tyrosinase, the rate-limiting enzyme of melanin synthesis [4] . When high levels of tyrosinase are present in the melanocyte, eumelanin is produced. In the absence of MSH stimulation of the melanocortin-1 receptor, levels of tyrosinase are low, and phaeomelanins, which are responsible for dull red and yellow colors [3] , are produced. A mutation of the melanocortin-1 receptor -Glu92Lys, replacing residue lysine 92 by glutamate -has been identified that results in a constitutively active form of the receptor in both melanic chickens [5] and mice [4] .
Theron et al. [2] have now shown that this very same mutation is responsible for a polymorphism in a natural population of birds. The bananaquit, Coereba flaveola, is a very common species in coastal lowlands in Central and South America, and throughout the Caribbean. Bananaquits show much geographical variation in plumage colour. For example, the throat is grey on the mainland and the Virgin Islands, white in the Bahamas, and black in the Netherlands Antilles. The most striking colour variant, however, is the melanic form characteristic of many of the birds on St. Vincent and Grenada, as well as on two small islands off the northern coast of Venezuela (Figure 1) . Theron et al. [2] sequenced the entire melanocortin-1 receptor gene from 40 yellow bananaquits and 29 melanic bananaquits. All of the 29 melanic individuals, but none of the yellows, were either homozygous or heterozygous for the amino acid replacement Glu92Lys.
Theron et al. [2] were able to reconstruct the history of the melanic mutation in the bananaquits by considering variation through the whole melanocortin-1 receptor gene sequence. They make four points. First, the melanic form is derived from the yellow form ( Figure 2 ), as is to be expected from the restricted geographical distribution of melanics. Second, melanic individuals form a monophyletic group (Figure 2 ), suggesting that they are derived from a single mutation, with subsequent dispersal among the islands. Third, the present day dispersal of the melanics between the islands is restricted: the haplotype frequencies among the melanics were found to be significantly different between islands. By contrast, the haplotype frequencies for the yellows do not differ significantly between islands. The molecular data thus add the insight that the historically documented recent expansion of yellows on Grenada [6] could involve immigration.
Finally, among all the yellow bananaquits sampled, Theron et al. [2] found that only four of the 22 DNA sequence polymorphisms were associated with amino acid replacements. From differences between the DNA sequences of the melanocortin-1 receptor genes of the bananaquit and a related species, Tanagra cucullata, one would expect a higher proportion. The best explanation for the low number of segregating amino acid differences is that there is selection against such variants, presumably because they result in colour morphs that are maladaptive. Theron et al. [2] could find no evidence for such selection within the melanic morphs (although there is little total sequence variation within the melanics, two of the variable sites resulted in amino acid changes). They argue that, because the melanic mutation leads to constitutive expression, subsequent amino acid variants may have little effect on the phenotype. Melanin polymorphisms have been widely studied in nature and provide some exemplary examples of natural selection at work [7] . A large number of adaptive correlates of melanin patterns in birds have been identified [7] [8] [9] [10] . For instance, melanin patterns are subject to sexual and social selection, correlating with both an individual's mating success and/or dominance status [10] . Melanin patterns confer crypsis in some environments [11] , and melanins can increase feather resistance to wear and breakage [8] and influence heat absorption [6] . In some species, variation in melanin patterns forms the basis of individual recognition [9] . The great diversity of selection pressures affecting melanin patterns is perhaps to be expected, given the general conspicuousness of melanin patterns, and the marked variation in expression of the patterns across species. But this diversity makes it hard to uncover all adaptive correlates and, in particular, to identify the main selection pressures involved in the origin of a variant, rather than its current maintenance.
With the historical insights obtained from the study of variation at the melanocortin-1 receptor locus [2] , the significance of the melanic form of the bananaquits would be well worth revisiting. On Grenada, Wunderle [6] demonstrated a strong correlation between the proportion of melanics at a locality and the amount of rainfall that the locality receives. He also used captive bird experiments to show that the melanic form becomes more easily heat stressed. However, the adaptive differences between the morphs (if any) remain poorly understood. Where the two forms meet, they interbreed freely and mate randomly. This in itself is remarkable given that the diverse plumage patches characteristic of this species are obscured in the melanic form (Figure 1) .
A parallel study on rock pocket mice, Chaetodipus intermedius (Figure 3 ), is being undertaken by M. Nachman of the University of Arizona (personal communication), and here the adaptive significance of the melanic form is better understood [12] . Rock pocket mice are generally light-coloured and inhabit light-colored rocky substrates. However, several populations of dark mice have been identified on Yellow and melanic morphs of the bananaquit Coereba flaveola. Yellow individuals show unmelanized patches including a white eye stripe, white wing patch and yellow on the underparts and rump (the white-yellow differences are due to the presence of a second pigment, carotenoid, in the yellow areas). Melanic individuals are black throughout. (Illustrations from [16] ; copyright  1998 by Princeton Univeristy Press, reproduced by permission of Princeton University Press).
Figure 2
A tree constructed using parsimony in PAUP* [17] , based on the DNA sequences of the melanocortin-1 receptor gene provided in [2] and rooted using the sequence from the tanager, Tanagra cucullata. G and SV refer to Grenada and St. Vincent, respectively. Several haplotypes are represented by multiple individuals. Note the derived, monophyletic, melanic forms -indicated in the black highlighting on the tree -and the much greater genetic diversity within the yellow forms. Panama dark lava flows, some of which are less than one thousand years old. Cryptic colouration in this species probably provides protection from predators. In one population there is perfect concordance between melanocortin-1 receptor genotype and melanic phenotype (though the genetic variation is not at the same site as the bananaquit mutation). In a second population, melanism is achieved in a different, yet to be identified, way and there is no associated variation at the melanocortin-1 receptor gene. This is perhaps not very surprising, for in the lab nearly 100 genes affecting mouse pigmentation have been discovered [13] .
What is remarkable is the widespread association of mutations in the melanocortin-1 receptor gene and pigmentation that has now been found in many species. In humans, melanocortin-1 receptor mutations have been related to skin and hair colour [14] . Similar associations have been observed across breeds of dogs, cattle, foxes, horses, pigs and sheep [15] , as well as the mice and birds described here. A plausible explanation for the widespread association of melanocortin-1 receptor mutations with pigment variation is that they have few pleiotropic deleterious effects. Many of the mutations in other genes affecting pigmentation in laboratory mice are correlated with various diseases, such as obesity. Mutations in the homologous human genes are also associated with diseases [13] .
For all the insights the melanocortin-1 receptor gene is providing, we are still in the dark about the evolution of pattern, at least in birds. Theron et al. [2] note that the bananaquit melanic mutation obscures pattern. Thus, the activity of melanocortin-1 receptor itself is unlikely to be the ultimate cause of the spatial restriction of melanins in the yellow form, although it should be noted that one melanocortin-1 receptor mutation is associated with dorsal-ventral patterning in a wild mouse population [4] . In mammals, a second gene product, the agouti protein, is spatially restricted in its expression and is an antagonist of melanocortin-1 receptor [13] . Binding of agouti to melanocortin-1 receptor prevents MSH binding and subsequent melanocortin-1 receptor activation, resulting in the synthesis of phaeomelanin rather than eumelanin. Similar antagonists have yet to be identified in birds.
The melanocortin-1 receptor gene is remarkably tractable. It is a small gene, coding for a 317 amino acid protein in the bananaquit. The gene lacks introns, thus allowing the continuous coding region to be easily amplified directly from genomic DNA. Furthermore, the gene can be expressed in vitro and the activity of its product assayed in cell culture [4] . It would be of considerable interest to compare the activity of the melanocortin-1 receptor gene in closely related species that differ in the amount and distribution of melanin patterns. The pioneering work of Theron et al. [2] sets the stage for the search for natural variation in other genes affecting plumage pigmentation. Eventually we should be able to connect the selection pressures identified in the environment with the history of the plumage pattern and the developmental modulations that have led to differences among species.
Figure 3
Melanic and non-melanic forms of the rock pocket mouse Chaetodipus intermedius from Arizona. The melanic form second from bottom has a mutation in melanocortin-1 receptor, whereas the mutation causing melanism in the top mouse has yet to be identified. (Photograph provided by M. Nachman.)
